ABSTRACT
INTRODUCTION
Presumably, all plant species have associations with endophytic bacterial communities, maintaining an interaction called plant-endophyte. The endophytic bacteria belong to a larger group of microorganisms that have their life-cycle partly or entirely inside the plant. Generally, these microorganisms are located in intra and inter-cellular spaces or in the vascular tissue, and can be found colonizing aerial parts or roots ( 1, 2,3,4 ). Fastidious vascular bacteria are pathogens that are difficult to cultivate in the laboratory. They grow in xylem or phloem tissues, and interfere with transport of water and nutrients to plants, causing diseases ( 5 ). Endophytic bacteria differ from epiphytic microorganisms by colonizing the interior of plants, and from plant pathogens by not causing visible damage to the host plant. This colonization occurs at some stage of the phenological development of the plant ( 6 ) . The presence of these non-pathogenic microorganisms was described in plant tissues analyzed under a microscope ( . When considering the evolutionary scale, it is apparent that over time microorganisms that started using the interaction with plants beyond just the nutritional benefits provided caused less damage to their host ( 9 ) . This review aims to analyze the metabolic influence of endophytic bacteria associated with plant species, as well as to highlight the colonization strategies used by these microorganisms in interaction with plants, which result in physiological and biochemical changes, triggering the plant growth.
INTERACTION BENEFITS ASSOCIATED TO THE PLANT AND ENDOPHYTIC BACTERIA
The interaction between endophyte and plant is characterized as a symbiotic relationship because both are benefited in this association. The host plant provides niches of protection to the microorganisms which, in turn, produce metabolites that increase the absorption of nutrients, affecting the plant growth and biomass gain. Metabolites compounds induce a resistance process of the plant to pathogens, reducing its exposure to pathogenic infections and acting as disease controllers ( 4,10 ). The interaction between the host plants and the endophytic community involves a process of co-evolution governed by colonization, which is influenced by genotype, growth stage, physiological status, type of plant tissue, agricultural practices, and environmental conditions such as temperature, water supply, and nutrients ( 11 ). This evolutionary process results in the existence of an intimate relationship between endophyte and its host, and this interaction is caused by changes in cellular and molecular levels that interfere in the development of the plant ( 12, 13 ). These mutualistic/symbiotic interactions existing between plants and microorganisms result in a positive selection in consequence of these associations ( 14 ). The endophytic bacteria act directly on the development and growth of plants by biological nitrogen fixation, acceleration of digestion, phosphorus solubilization, and production of phytohormones, which confer resistance to biotic factors. From the indirect stimulation, endophytes promote the improving of availability and absorption of nutrients, minerals and water; induce the tolerance of the host to stress caused by abiotic factors, including osmotic stress, exposure to heavy metals and xenobiotic molecules; assist in the suppression of harmful microorganisms; and act in the biological control of plant pathogens ( 4, 10, 15 ). The interaction between plants and beneficial bacteria can have a profound effect on plant health, growth, development, production and on soil quality ( 16 ). These biological interactions provide several benefits to the involved species and trigger many positive impacts on the integrity and sustainability of agro-ecosystems, increasing the agricultural income ( 4 ), thus highlighting the significant increase in growth, plant biomass, dry matter yield and grain yield (Table 1) . Artificial inoculation of endophytic bacteria in plants can significantly reduce the attack of pathogens, such as fungi, bacteria and virus, as well as insects and nematodes, acting in the biological control of these pathogens ( 17 ). 
MECHANISMS USED BY ENDOPHYTIC BACTERIA TO COLONIZE PLANT TISSUES
The Plant Growth-Promoting Bacteria (PGPB), or Plant Growth-Promoting Rhizobacteria (PGPR), are able to colonize the interior of plants and also have the ability to thrive as endophytes ( 16 ). The bacteria that promote growth of plants are associated with the majority of plant species, being able to establish endophytic populations in various tissues and organs of plants without causing any visible sign ( 10 ). The endophytic community is subdivided according to the different internal mechanisms used to colonize a plant, receiving the designation of "obligate", "facultative" or "passive" endophytes ( 33, 34 ).
Different niches occupied by endophytic bacteria result in different mechanisms used to colonize a plant. Endophytes classified as obligates depend on the plant metabolic activity for their survival. They are transmitted by seed and spread inside the plant by vertical colonization or through the action of a vector. In other words, they are not originated in the rhizosphere. Facultative endophytes have a free life in the soil and colonize the plant internally during some stage of their life cycle. This process occurs through the rhizosphere. Passive endophytes colonize the plant through wounds existing along the root hairs. Due to being adhered to the root surface, they are also called associative bacteria. Moreover, bacteria living in the rhizosphere (rhizobacteria - Figure  1 ), which are closely linked to the plant roots, also occur ( 33, 34, 35 ). The roots are considered the main gateway to microorganisms and this part of the plant has the highest frequency of endophytic bacteria. The enzymatic activity is a factor which facilitates the penetration of these microorganisms in the plant, which may be transmitted by seed ( Figure 2 ) ( 6,15 ). Structures such as stomata, hydathodes, lenticels (natural openings), nectaries and nectar glands, as well as tissue damage, caused by the attack of insects or broken trichomes, are also entry routes for soil microbiota ( 37 ). The interaction between endophytic bacteria and their host plant occurs through mechanisms of bacterial motility, the growth of roots or by mechanisms which allow the colonization passively. Bacterial motility occurs by the process of chemotaxis, in which the movement of bacteria to the plant roots occurs by the attraction to the root exudates (carbon source) existing between soil and rhizosphere ( 3, 15 ). The colonization can occur from the initial recognition between endophyte and plant, by a reversible adsorption process or by an irreversible adhesion mediated by extracellular proteins synthesized by the bacteria and controlled by chemical signals emitted by the roots of the host plant. After colonization, the survival of the organism is influenced by biotic and abiotic factors. This survival is positively related to the physicochemical parameters of the soil and the content of organic matter and nitrogen. As the result of the colonization of the rhizosphere, the endophytic bacteria proliferate in the internal plant tissues, finding more stable and protected niches in these spaces ( 15 ). Colonization capacity of endophytic microorganisms and the allocation of resources within the plant are factors that interfere in endophytic distribution. Thus, the different plant tissues may have different composition in the endophytic community ( 34 ). Some bacterial genera can induce defense mechanisms in plants, making it difficult the colonization by other endophytes ( 17 ). Endophytes, which are transmitted vertically by seeds, are often recovered as epiphytes, suggesting that endophytes may also colonize surrounding environments of host plants. The colonization behavior of endophytes depends on many variables, including plant tissue type, plant genotype, taxon and strain type, as well as biotic and abiotic environmental conditions. Many bacterial endophytes originate from the rhizosphere environment, which attracts microorganisms due to the presence of root exudates and through root colonization. To some extent, stem and leaf surfaces also produce exudates that attract microorganisms. However, UV light, lack of nutrients and desiccation generally reduce colonization of leaf surfaces ( 38 ).
MECHANISMS USED BY ENDOPHYTIC BACTERIA TO PROMOTE PLANT GROWTH
The endophytic bacteria are a group of microorganisms responsible for promoting plant growth and have three metabolic pathways that result in the plant development. They are phytostimulation, biofertilization and biological control and are interrelated in physiological processes of the plant ( 34 ). Below, each of these mechanisms and their importance in plant physiology will be described.
Phytostimulation
Phytostimulation is the production of phytohormones, which act as regulators of plant growth ( 39 ). Phytohormones known as auxins, cytokinins and gibberellins promote morphological changes of roots, influencing the absorption of nutrients and water ( 15, 40 ). Among the group of auxins, the enzyme ACC deaminase (1-aminocyclopropane-1-carboxylic acid) reduce ethylene levels. When the level of this substance is high, it can result in inhibition of cell division, DNA synthesis, growth of roots and aerial parts of the plant. Endophytes use ACC deaminase enzyme and indoleacetic acid (IAA) to reprogram certain signaling pathways, influencing in the endophytic community structure ( 34 ). The modulating in ethylene levels results in root growth and promotes seed germination ( 15 ). Bacteria such as Acinetobacter sp., Azospirillum sp., Azotobacter sp., Pseudomonas sp. and Bacillus sp. produce phytohormones such as indoleacetic acid, indolebutyric acid, gibberellins, cytokinins, octadecanoids and compounds that mimic the action of jasmonates, and assist in survival of the plant. Control of opening and closing of stomata, osmotic adjustment, modification of root morphology, photosynthetic efficiency, increased uptake and modification of mineral buildup, supply of essential vitamins, and nitrogen metabolism are examples of benefits related to the association between endophytes and plants ( 11 ) . The inoculation of the endophytic Bacillus sp. barely resulted in a significant increase in the content of manganese, zinc and copper ( 41 ). After inoculating Bacillus pumilus, Chryseobacterium indologenes and Acinetobacter johnsonii in beet, a higher concentration of carbohydrates in the plant was observed, as a result of their greater photosynthetic capacity by the increase in chlorophyll content ( 20 ) .
Biofertilization
In biofertilization, plant growth is promoted by the bioavailability of nutrients. Endophytes are alternatives to maximize biological nitrogen fixation by plants, because these microorganisms have the capacity of colonizing structures such as roots, stems and leaves of plants and suffer less competition than the bacteria present in soil ( 42 ). In the process of biological nitrogen fixation, the endophytic bacteria assimilate atmospheric nitrogen and convert it into ammonia, transferring this molecule to the plant metabolism ( 34 ). A 30% increase in the nitrogen content in sugarcane has been observed after inoculation with a bacterial mixture of Gluconacetobacter diazotrophicus, Herbaspirillum seropedicae, H. rubrisubalbicans, Azospirillum amazonense and Burkholderia sp. ( 43 ). The deficiency in phosphorus availability is considered a limiting factor to the plant development, and this nutritional restriction impacts agricultural income ( 44, 45 ). For the solubilization of phosphorus, endophytic bacteria synthesize organic acids, increasing the availability of phosphorus to the plant (
34
). An increase in phosphatase activity and availability of phosphorus content in the vermicomposting technique has been observed by inoculating of B. silvatlantica, Bacillus sp. and H. seropedica. The authors affirm that organic acids (oxalic, citric and tartaric acids) synthesized by Burkholderia sp. are the main mechanisms involved in the solubilization of phosphorus ( 46 ). The cycling of soil nutrients is essential for the sustainability of agricultural systems ( 47 ). The benefits of the dynamic of biogeochemical cycles, which result in the solubility of nitrogen, phosphate and zinc, sulfur oxidation, and nitrate bioavailability ( 11 ) are related to the bacterial community capacity to provide significant quantities of natural nutrients, which are often scarce, and result in soil enrichment ( 44, 45 ).
Biological Control
Biological control is a mechanism that promotes plant growth by protecting against the attack of phytopathogens, mediated by the production of siderophores, antibiotics or bacteriocins ( 34 ). These mechanisms are effective against plant pathogens, for being able to minimize or avoid the proliferation of such microorganisms by antagonism ( 39 ). Siderophores are molecules secreted by microorganisms when there is a low availability of iron in the soil. Siderophores secreted act in the solubilization of this iron in soil because they present high affinity in the substrate and the ability to absorb it. These molecules bind to specific receptors and are actively transported through the cell membrane of Gram-negative and Gram-positive bacteria. The availability of iron for plant growth occurs by the bacterial complex iron/siderophores and, conversely, these molecules limit the acquisition of iron by phytopathogens, preventing their proliferation ( 15, 39 ). The production of siderophores gives certain competitive advantages for plant growthpromoting bacteria existing in the rhizosphere because, when colonizing the roots, the endophytic bacteria end up excluding other existing microorganisms in this ecological niche. One example is the production of siderophores by Pseudomonas sp. which display high affinity for ferric ion ( 39 ). The production of antibiotics is considered a very efficient mechanism for control of plant pathogens, because it occurs directly in cell metabolism. However, the effective action of an antibiotic against one pathogen strain may not have the same efficiency on another strain of the same species due to the presence of genetic resistance mechanisms, or the lost in efficiency because of varying environmental conditions ( 15 ). The production of antibiotics by bacteria is associated with its ability to act as antagonist to combat plant pathogens. The antibiosis mechanisms, as well as the activities of biological control, from the synthesis of molecules that eliminate or inhibit the growth of pathogenic organisms, have become better understood with the improvement of researches. Species of Pseudomonas sp. and Bacillus sp. synthesize lipopeptides biosurfactants that are important in biological control because they show positive potential in competitive interactions with different groups of microorganisms, including nematodes and plants. Antibiotics isolated from a wide range of bacterial strains and fungi inhibit the cell wall synthesis of pathogens, influence the structure of the cell membrane and inhibit the formation of initiating complexes of the small subunit of the ribosome ( 39 ). The selection process of endophytic bacteria to be used in order to act as agents in biological control should require them to be Gram-positive spore-forming bacteria, because these bacteria, among which are Bacillus spp. and Paenibacillus spp., have greater stability in the population in the steps of formulation and storage of inoculant products ( 39 ). In Brazil, various researches are carried out aiming the biological control of plant diseases, such as of maize, wheat, beans and crucifers, as well as the post harvest control in pepper and apple ( 47 ). Another plant defense mechanism is systemic acquired resistance (SAR), which has a broad spectrum of action and long duration after elicitation ( 49 ). During the SAR responses obtained by necrotrophic pathogens, plants obtain not only systemic resistance against the inducing pathogen, but also to different classes of pathogens. One of the parallels between rhizobacterium-induced ISR and pathogen-induced SAR is that both types of induced resistance are effective against a broad spectrum of plant pathogens ( 50, 51 ).
CONCLUSIONS
Endophytic bacteria help in the adaptation of the plants in various ecosystems and have a significant ecological importance because they improve the soil fertility and quality. Studies on the presence of endophytic bacteria in plants and the metabolic influence of these microorganisms in plant tissues enable us to understand the physiological and biochemical changes triggered by the endophyte/plant interactions. Studies have shown that there is a great diversity of endophytic bacteria colonizing different plant structures, and various benefits are related to this interaction. These microorganisms are not subject to competition for nutrients, which normally occurs in the rhizosphere, and operate with greater efficiency in reducing damage caused by various phytopathogens. The isolation and identification methods of endophytic bacteria are essential for the improvement of agricultural techniques, because many species promote plant growth, improved absorption of nutrients and stimulate resistance to environmental stress, thus constituting in important biological tools that impact positively agricultural production. Endophytes show great biotechnological potential and the study and selection of these microorganisms have the ability to biodegrade contaminants molecules, making them promising tools for bioremediation of environments degraded by pesticides. Inoculation of endophytic bacteria in plants has economic importance, as it increases the yield of agricultural production and requires low-cost farming techniques, resulting in low environmental impact. Thus, it is necessary to improve management methods and application of endophytic bacteria to maximize the beneficial interactions provided by the association of these microorganisms with plants.
